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DENSE PLASMA FOCUS PRODUCTION IN A HYPOCYCLOIDAL PINCH

Ja H. Lee,* Donald R. Mc Farland, and Frank Hohl
Langley Research Center

SUMMARY

A new type of high-~power pinch apparatus consisting of disk electrodes was devel-
oped and diagnostic measurements to study the mechanism of dense plasma production
have been made. The collapse fronts of the current sheets are well organized and dense
plasma focuses are produced on the axis with radial stability in excess of 5 ©s. A plasma
density greater than 1018 cm=3 is determined with Stark broadening and COg laser absorp-
tion. Essentially complete absorption of a high-energy CO9 laser beam has been observed.
A plasma temperature of =1 keV is measured with differential transmission of soft X-rays
through thin foils. The advantages of this apparatus over the coaxial plasma focus are
in (1) the plasma volume, (2) the stability, (3) the containment time, (4) the easy access
to additional heating by laser or electron beams, and (5) the possibility of scaling up to
a multiple array for high-power operation.

INTRODUCTION

The dense plasma focus is presently the most successful plasma device in approach-
ing Lawson's criterion for a thermonuclear fusion reactor. It has been demonstrated that
nuclear fusion reaction rates in a plasma focus can be as high as 1019/s in deuterium,
and 102 1/s in deuterium-tritium mixture. (See refs. 1to 5.) The scaling law for the
dense plasma focus apparatus has been established experimentally up to several hundred
kJ input energy, and a break-even point at 10 MJ has been predicted theoretically. (See
ref. 6.) However, because of its obvious geometrical limitations, it is difficult to foresee
development of a large-scale reactor from its present form.

Attempts to couple two plasma focuses have been unsuccessful for both Mather
and Filippov types. (See refs. 7 and 8.) Mather in 1965 (ref. 7) tested the idea of com-
bining a two-gun system in opposite polarity in order to superimpose the two high-density
plasma focuses. It was anticipated that a large axial current stream would connect the
two opposite-polarity center electrodes when the current sheet collapsed to the axis; and,
as a result, the confinement time would be longer and there would be further heating of
the plasma. However, the experiment showed sharply reduced neutron production when
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two guns were simultaneously operated. This result was attributed to the formation of
predischarges in the guns which interfered with the final current-sheet collapse.

A new type of high-power pinch apparatus consisting of three disk electrodes as a
radical improvement over the coaxial types of plasma focus apparatus has been devel-
oped. The new apparatus called a hypocycloidal-pinch (or HCP) apparatus is based on
the invention disclosed to NASA by Ja H. Lee in early 1970 (NASA W-1418). Prelimi-
nary results obtained with this apparatus have been reported elsewhere. (See refs. 9
and 10.) There have been some independent studies on a disk geometry for production
of a dense plasma — analytically by Mayer (ref. 11) in 1970 and experimentally by Ware
et al. (ref. 12) in 1973. However, these authors had limited their work to preliminary
speculations on a fixed design and no results were obtained with a complete geometry as
presented here.

The present report describes the geometry and operation of the hypocycloidal-
pinch apparatus and presents the results of diagnostic measurements made on a 20-cm-
diameter prototype. The advantages of the new hypocycloidal pinch over the coaxial
plasma focus devices are also discussed.

SYMBOLS
A area, m2
B magnetic induction, T
C capacitance, F
c speed of light, cm/sec
D photographic density
D, a~line of deuterium
DB B-line of deuterium
E voltage, V
E}, X-ray energy, eV
F force, N



£ frequency, Hz

h interelectrode spacing, m
I electric current, A; or laser power, W
Ip peak current of an oscillatory circuit, A
i detector current, A
J electric current density, A/m2
L inductance of an electric circuit, H
Lab absorption length, cm
m mass, kg
ne electron number density, cm=3
P pressure, Pa
R radius of the device, m; or resistance, Q
T radial coordinate, m
S current responsitivity, A/W
T dimensionless coordinate, t/T)
Te electron temperature, eV
4 1/4
Tk = —ﬂLz (see eq. (A3))
G
dt/qy
Tq /4 quarter period or rise time, s

t time, s



v rundown speed of a current sheet, m/s

x dimensionless coordinate, r/R

Z ionic charge number; or impedance,
Z axial coordinate

6 displacement, m

n total scattering cross section, Ig/I,
A wavelength, A

Ho magnetic permeability of free space, 47 X 10~ H/m
p density, kg/m3

w plasma frequency, Hz

Subscripts:

av average

e electron

l lower chamber

max maximum

min minimum

o] initial condition

r radial

S total scattered

sd scattered power entering a detector



u upper chamber

¢ azimuthal

Abbreviations:

ARB arbitrary

Div. division of time scale on oscillogram

HCP hypocycloidal pinch

IR infrared detector

MHD magnetohydrodynamics

PF coaxial plasma focus

TEA transverse excitation at atmospheric pressure
L-C inductance-capacitance

Arrows over symbols denote vectors.
HYPOCYCLOIDAL-PINCH APPARATUS

Figure 1 shows the cross section of the hypocycloidal-pinch apparatus which con-
sists of two disk cathodes sharing a common disk anode. One can visualize this geome-
try as formed by the cross section of the coaxial plasma focus apparatus (fig. 2) rotated
about an axis situated in front of and perpendicular to the center electrode. The insula-
tors placed between the electrodes are also in the form of a disk and provide an inverse
pinch geometry for the initial breakdown currents; thus, one of the important features for
the coaxial plasma focus apparatus is retained.

The lower and upper current sheets launched from the insulators advance radially
toward the center hole where they collapse and interact with each other. Both disk cath-
odes are perforated to reduce the mass loading of the current sheet in flight similar to
the outer electrode of the regular plasma focus. (See refs. 1 to 5.)



The collapse of current sheets is timed so that the maximum current occurs when
the sheets reach the edges of the center hole; as a result, two strong pinches are formed
around the axis of the apparatus. These pinches produce a pair of dense plasma focuses,
each of which resembles the focused plasma produced in a Filippov-type plasma focus
device. However, production of an additional volume of a dense plasma with hypocycloidal
boundary is expected as the pinched current sheets fall into the center of the hole. This
result is expected since the azimuthal magnetic fluxes behind the current sheets in the
upper and lower chambers are antiparallel as shown in figure 3 and a magnetic neutral
plane is formed on the midplane of the apparatus. A strong magnetic pressure is exerted
on the current sheets and forces the sheets to accelerate in the axial direction toward the
midplane of the apparatus. Consequently, a dense plasma is produced with nearly hypo-
cycloidal shape.

Similar to the coaxial plasma focus devices, the following five phases of the dis-
charge occur in the dynamics of the hypocycloidal pinch: (1) the inverse pinch over the
insulator at the beginning of the discharge; (2) the rundown of the current sheets as a
result of the J X B force toward the center hole ; (3) the collapse of the current sheets
into the center hole; (4) the formation of plasma focuses (and their interaction); and
(5) the diffusion and cooling of the plasma.

The prototype used in the experiment has a rundown radius of 10 cm with a 5-cm-
diameter center hole. The spacing between the anode and cathode disks is 2.5 cm. Fig-
ure 4 is the photograph of the device. It is operated at a filling pressure of 133 to 1330 Pa
(1 to 10 torr) of deuterium with a few percent of argon or xenon impurities added to
improve X-ray production and diagnostic measurements. The operating procedure of the
hypocycloidal -pinch apparatus is similar to that of the coaxial plasma focus. The follow-
ing sequence is used for each run:

(1) Filling the apparatus with working gas at a desired pressure,
(2) Charging the capacitor bank to the required voltage, and

(3) Firing of the trigatron switches to discharge the stored energy into the
HCP apparatus.

The prototype system has the following electrical parameters: capacitance, 150 4 F;
external inductance, 20 nH; inductance of the prototype, 4 nH; and the current rise time
(or a quarter period), 3 us. The apparatus is energized by a capacitor bank with an
energy storage of 27 kJ at 19 kV,

DIAGNOSTIC MEASUREMENTS

Dynamics of the current sheet have been studied for different diameters of the cen-
ter hole and for different gas pressures. For hole diameters less than 3 ¢m, no X-ray
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production or focus formation was observed. Also, for a center hole with a diameter less
than 2.5 cm, nonuniform erosion of the surface of the hole was observed. However, the
collapse of the current sheets for a larger (5-cm-diameter) hole is well organized and
radial stability of the focused plasma is sustained for several yus. Maximum X-ray pro-
duction was observed when an initial pressure of 400 Pa (3 torr) was used. Figure 5
shows streak pictures taken through a slit placed across a diameter of the center hole.
The strong emission of light from the focused plasma is attenuated through a 4D neutral
density filter to prevent overexposure of the film. The objective lens of the camera is
covered witha A = 5600 + 10 A interferometric filter to allow observation of continuum
emission only. The pictures reveal production of a luminous plasma on the axis which
has a radial stability for over 5 us. The diameter of the luminous plasma column is
approximately 5 mm and is well centered on the axis of the hole. Note that the diameter
of the filter is small enough to insure that it does not cover the edge of the hole. This
arrangement allows observation of the hole edge in figure 5. The boundary of the plasma
is sharply defined and no MHD instabilities are detectable in the pictures. Figure 6 shows
frame pictures of the same event. A still reference picture is also shown. The frame
pictures shown were taken in sets of three at a time with different neutral density filters
for each set. The filter density was increased as the compression progressed to pre-
vent overexposure. The progress of symmetrical compression is well illustrated. The
collapse speed measured from these pictures is 3.3 X 104 m/s. Figure 7 shows the axial
motion of the plasma. These pictures were obtained with the optical axis of the image-
converter camera oriented to form a 10° angle with the axis of the apparatus. The still
reference picture in figure 7(b) shows the field of view of the camera. The streak picture
in figure 7(c) shows that there are three stages in the axial motion. First the current
sheets collapse to form a 10-cm-long column on the axis with a dense focus at each end.
Axial compression then follows, =2 s later its length is reduced to =3 cm, and a fading
of visible radiation follows. Lastly, the plasma column splits into two focuses separated
by a distance of ~5 cm which is the distance between the central planes of two electrode
pairs. However, there are occasions when no axial compression is observed as shown
on the streak picture in figure 7(d). The two focuses seem to stay separated for their
whole lifetimes.

Figure 8 shows the rundown speed of the current sheet measured on streak pictures
taken with an image-converter camera which is focused to a 1-mm-wide slit located along
a radius of the discharge chamber. The time history of the advancing luminous front of
the current sheet is then obtained from the image-converter pictures and yields the run-
down speed. The rundown speed V was measured as a function of the filling pres-
sure p. For the deuterium pressure range from 67 to 2000 Pa (0.5 to 15 torr) it is in
agreement with a snowplow model (see appendix A) which predicts V « p"l/ 4, (See
ref. 13.) These measurements were made with the capacitor bank energy of 27 kJ at
19 kV.



Figure 9 is a time-integrated X-ray pinhole picture taken on the axis of the appa-
ratus. The X-rays come through a 250~y m beryllium foil and 1-mm-diameter pinhole,
The picture shows that soft X-ray emission is concentrated in a volume of =5-mm diam-
eter on the axis and that it is well separated from the wall surrounding the hole. The
size of this volume is in agreement with the luminous plasma shown earlier in figure 5.

Figure 10 compares temporal evolution of the voltage, the dI/dt variation at the
center electrode, the X-ray emission detected by a fast scintillator-photomultiplier sys-
tem, and the continuum emission in the visible spectrum. The dense plasma formation
in the hypocycloidal-pinch apparatus is characterized by a sharp spike on the voltage and
dI/dt signal and simultaneous onsets of strong continuum and X-ray emission, similar to
a coaxial plasma focus apparatus. However, the voltage signal from the center electrode
(fig. 10(a)) does not show the high-frequency oscillation following the spike which is often
observed from the coaxial type. (See refs. 1to 5.) This result may indicate a lack of
fast-growing instabilities in a hypocycloidal-pinch apparatus. Furthermore, the contin-
uum and X-ray emissions are sustained for a period of 5 us after the current-sheet
collapse. This time is more than an order of magnitude larger than that of a coaxial
plasma focus. This result is well illustrated in figure 11 which compares the periods of
X-ray emission from these two apparatus.

The electron temperature Te of the plasma is determined by the differential
transmission of the X-rays through absorbing foils of different thicknesses. Figure 12
shows the exposed film and densitometer traces of the intensities of the transmitted
X-rays observed through 250-, 500-, 750-, and 1000-pm beryllium foils. With the
assumption of a Maxwellian distribution, the intensity ratio of the transmitted X-rays
can be used to determine the electron temperature of the plasma by making use of cal-
culations by Elton and Anderson (ref. 14) and Elton (ref. 15). For example, after sub-
tracting the gray level of the film, the intensity ratio of the transmitted X-rays through
250-pm and 500-pm foils is 0.55 and indicates that the electron temperature is =1 keV,

The assumption of a Maxwellian velocity distribution for electrons is considered

to be reasonable since the plasma lifetime of =5 s is very long compared with the elec-
tron thermalization time of the order of 10 ns. Also, the X-rays are detectable through
a 1.5-mm-thick aluminum absorber; thus, it is indicated that the high-energy tail extends
beyond the 8-keV K-edge of aluminum. However, no X-rays were detectable behind lead
foils; therefore, the emission of hard X-rays (Ey > 80 keV) is small. Nevertheless, low-
level neutron production has been observed with a scintillation neutron detector even at
the comparatively low capacitor bank energy of 27 kJ.

The density of the plasma is estimated by the line broadening of D, and D B
(See ref. 16.) Figure 13 shows the image-converter camera-spectrometer system used
to observe the time-resolved spectra. A 500-gain image-converter camera is focused
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on the exit slit of a 1.5-m spectrometer which had a dispersion of 0.556 nm/mm. Fig-
ure 14 shows the time-resolved spectra obtained with this system. A wavelength range
of 30 nm is recorded for 50 us. Since the broadening in a high-density plasma is mainly
due to the Stark broadening and since Doppler broadening is negligible, the half-width of
the lines can be used as a measure of plasma density. Figure 15 shows the plasma den-
sity variation in time obtained by this method. A densitometer is used to obtain the
broadened line width. The broadening of the D, line produced by the first pinch is so
wide (>10 nm) that accurate pressure determination cannot be made. However, the
broadening indicates that ng > 1018 cm'3, the upper limit of the useful range of this
method. This result was expected from the compression ratio of =100 estimated with
the snowplow model,

The particle confinement time is measured by means of high-power COg laser
transmission. Figure 16 shows the experimental setup and the experimental results.
A 50-J, TEA COy laser beam with 150-ns pulse width is focused to a diameter of 5 mm
by a germanium lens. The beam irradiates the full cross section of the focused plasma
in the HCP apparatus. The laser firing time is varied so that the interaction at differ-
ent times of the plasma life can be determined. The incident and transmitted laser
powers were measured with pyroelectric infrared detectors IR 1 and 2, respectively.
IR 1 monitors a small fraction of the incident laser power which is reflected by a small
mirror. IR 2 has a higher sensitivity than IR 1 and measures the transmitted or scat-
tered laser power.

Figure 16 presents sets of two double-trace oscillograms which record the voltage
at the center electrode of the HCP, the incident power of the COgy laser by IR 1, trans-
mitted laser power by IR 2 at 180°, and the X-ray emission. Time t is the elapsed
time from the onset of X-ray emission to the COg laser firing as monitored by IR 1.
Figure 16(a) shows the full transmission of laser radiation before (at t =-0.2 pus) the
plasma production on the axis. Less than 1-percent transmission is recorded for t =0,
0.5, and 12 us. (See figs. 16(b), 16(c), and 16(d).) For these times the maximum sensi-
tivity of the scope amplifier is used to verify the results. Figure 16(e) shows that at
t =72 us, there is 30-percent transmission through the cooling and expanding plasma.
Note that both IR detectors have a fast rise time (<10 ns) but a long decay time char-
acteristic of pyroelectric sensing elements. Only the leading edge of the pulse is
meaningful,

The back and side scattering of the laser power by the plasma has also been inves-
tigated. For this purpose, the IR 2 detector is located 10° and 90° with respect to the
optical axis as shown in figure 16.

The sensitivity of the IR 2 (KT-1100, Laser Precision Corp.) was 0.125 p A/watt.
When this detector is located at a distance of 1 m from the plasma, which is irradiated



by a pulsed laser of 5 X 108 w (or 100 ns pulse of 50 J), the sensitivity of the detector
is sufficient to give an observable signal for the total scattered power of as small as
5 x 10-3 times the incident power. (See appendix B.)

The laser firing time t is varied with respect to the onset of the X-ray emission,
t = 0, as for the transmission experiment. Since the scattering is expected to increase
with the plasma density, the laser firing time t is varied with a small interval of 100 ns
between runs so that the scattering from the plasma at the maximum compression can
be detected. However, for both 10° and 90° directions, no scattered intensity above the
detector threshold was observed for the laser firings made in the period -0.2 <t < 75 us. )
This result indicates the total scattered intensity is less than 1 percent of the incident

laser power.

The combined results of the transmission and scattering measurements lead to
the conclusion that near complete absorption of the laser energy occurs in the plasma.

The impurity level of the plasma generated in the hypocycloidal pinch was investi-
gated with time-resolved spectrometry. No detectable line emissions expected from wall
erosion were observed above the continuum intensity during the first pinch period. The
impurity line emissions became apparent only at a later time as expected as shown in
figure 17. Figure 18 shows some of the impurity lines which have been identified.

DISCUSSION

The final compression and heating in Z-pinch devices such as the coaxial plasma
focus or the hypocycloidal pinch are known to depend on the degree of symmetry that is
maintained for the entire flight of the Z-pinch current sheets. In the hypocycloidal-pinch
apparatus, the most serious excursion from symmetry may occur when one current sheet
moving in the upper or lower chamber gets in front of the other and thereby arrives at
the center hole too soon. However, no appreciable delay is observed between the arriving
time of the upper and lower current sheets at the center hole. The observations made in
the streak mode, as in figure 5, clearly show that the final collapse of the upper and lower
current sheets are simultaneous within the framing time of 50 ns. This result is also
confirmed by the shape of the X-ray pulses, as shown in figure 10, for which one would

expect double peaks corresponding to each collapse of the two current sheets if they ¢
occurred at two different times. Indeed, the observations indicate that the geometry of
the hypocycloidal-pinch apparatus provides a self-stabilizing effect on current sheet .

dynamics, as discussed in reference 11. The self-stabilizing effect can be easily under-
stood by considering the advancing current fronts as two parallel circuit elements with
time-varying inductance as the load of a common power source. (See fig. 19(a).) The
ponderomotive force T x B exerted on the current sheet which lags behind and forms a
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circuit with a smaller impedance will be stronger than the one that leads and will result
in an increase of acceleration to "catch up' to the leading front.

The other common phenomenon undesirable for a Z-pinch is spoking or filamenta-
tion of the current sheet. For the hypocycloidal pinch no evidence was found of spoking
of the current sheets by means of either the fast camera pictures or the "'footprints' of
the currents on the electrodes. The main reason for the uniform discharge at the outer
periphery may come from the fact that the design of the HCP accommodates the inverse
pinch phase, similar to the coaxial plasma focus apparatus., It is known that the initial
breakdown in a form of an inverse pinch is important for symmetrical current-sheet for-
mation in a plasma focus apparatus. The inverse pinch is also helpful for reducing
impurity level in the plasma since the current sheets will quickly leave from the surface
of the insulator. The uniform discharge at the periphery is also a reward of careful con-
struction to maintain a high degree of axial symmetry of the apparatus. It should be men-
tioned that the output cables from different switches are criss-crossed at the collector
plates to insure simultaneous breakdown at all points of the periphery.

The rundown speed of the current sheet of 5% 104 m/s at 665 Pa (5 torr) is rather
low compared with that of the coaxial plasma focus apparatus (3 X 109 m/s). However,
this can be understood by taking account of the fact that the stored energy is divided into
two chambers of the hypocycloidal pinch (HCP), whereas the coaxial plasma focus appa-
ratus (PF) has only one current sheet to be accelerated. Also in the HCP, the current
sheets are radially compressed from the beginning and tend to have a large mass pickup
in contrast to the rather low mass pickup in the PF which runs down in an annular space
with a constant cross section. Therefore, a larger mass for the focused plasma is
expected in the HCP than in the PF and this is indeed confirmed by the measurements
of the X-ray emitting volume (=5-mm diameter for the HCP and =1-mm diameter for the
PF). The slower rundown speed in the HCP may be the result of the large mass pickup.
However, since the snowplow model gives a scaling of the rundown speed with the capaci-
tor bank energy, as shown in appendix A, a higher rundown speed can be obtained easily
by increasing the stored energy.

The results obtained with the HCP also show a remarkable improvement in both
energy and particle confinement times. The full width of the X-ray pulse extends to 5 us
with a sharp spike at the onset, This is an order of magnitude longer than the correspond-
ing period of X-ray emission in the regular plasma focus apparatus, as shown in figure 11.
In fact, the X~ray emission in HCP continues until the end of the first half cycle of its dis-
charge circuit. This condition may indicate that the plasma confinement time in HCP is
limited only by the current decay at the second quarter cycle. This result also contrasts
to the 150-ns X-ray spike without an extended tail in the spindle focus with a pair of disks
observed by Ware et al. (ref. 12). The extended confinement of the plasma in the HCP
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seems to result from the interaction of two focuses in the magnetic-neutral plane formed
by the cusp configuration of the current sheets in the center hole, which is a unique fea-
ture of the HCP. One should also note that the simultaneous arrival of the upper and
lower current sheets on the axis of the center hole is necessary to form the symmetric
cusp configuration of the current sheets. The excellent radial stability beyond the period
of the initial spike observed in the HCP leads one to believe these requirements are fully
met and the configuration is well maintained throughout the later period during which the
plasma diffuses and expands as the currents oscillate and decay. This interpretation is
further justified by the results of the COg laser absorption experiment which indicate
prolonged particle trapping near the axis for five periods of the circuit oscillations.
Therefore, one could possibly achieve further extension of the containment time of the
dense plasma produced at the first pinch by shaping the current wave form to a non-
oscillatory mode with a crowbar circuit as is often adopted for the capacitor bank used

for a theta pinch.

The self-stabilizing mechanism of the hypocycloidal current sheets discussed ear-
lier may be effective even after the collapse of the current sheets into the hole and, as a
result, there is a suppression of the fast-growing MHD modes. The self-stabilization
mechanism after the collapse can also be understood by elementary consideration of the
circuit induction with a virtual displacement of one of the current sheets. As shown in
figure 19(b), displacements from the equilibrium of one of the current sheets tend to
reduce the inductance of the circuit to which the current sheet is attached. This condi-
tion, in turn, results in a stronger T x B force in the direction against the displacement.
The force 6F on the current displaced by 6 is

6F = -4L, —I-gz- )
R

where I is the total current, Lg = p,oh/27r, R is the radius of the device,and h is
the interelectrode spacing. The negative sign indicates that this force will act to restore
the equilibrium. Note also that the restoring force is linear in this analysis. The restor-
ing force resulting from an increase of the T x B force can be expressed in a different
way. It is the result of the '""bunching' of lines of force in the direction of the displace-
ment which leads to an increase in magnetic pressure on the lagging current sheet, The
results from the prototype thus show a high-density, high-temperature plasma of a rather
large volume (= a few cubic centimeters) can be confined for a long time (>5 us) with the
hypocycloidal-pinch apparatus. Energy confinement of tens of kilojoules and copious
X-ray and neutron production in the HCP are expected when an adequate power source

is used in the future.

The absorption of CO9 laser energy can be used to determine the density of the
plasma. For an underdense plasma, the dominant absorption process is that of inverse
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bremsstrahlung due to electron-ion collisions. This process gives an absorption length
(ref. 17):

5% 10271, 3/2/ ,2\1/2
lap = Py G

Here ) is the wavelength in em, Xg is the wavelength in cm of radiation at the plasma
electron frequency

27mc
Aa =
e We
2 47Tne
(.l)e =
Mg

Te is the electron temperature in eV, ng is the electron density in cm'3, and Z is
the ionic charge. By unfolding the relation 1= Ioe_x/ Zab, ne can be determined when
Te and Z are known. If A =i, or the plasma has a critical density, the absorption
length is reduced to zero and near complete absorption will occur. In this case, if radia-
tion of sufficient intensity falls on the plasma, it can create instabilities which lead to
anomalous absorption of the radiation. For the plasma produced during the first com-
pression in HCP, To=1keV and Z =1 (since few impurity ion lines are observed
above the continuum). Near complete absorption of the COg laser (X = 10.6 um), that is,
I/I0 < 0.01, through a 5-cm-long plasma column indicates that the plasma column pro-
vided more than 4.6 times of the absorption length. This result can be translated into
ng > 7.8 X 1018 cm-3. For the later times, the absorption of radiation takes place in the
cold (Te < 100 eV) and impurity-rich (Z > 1) plasma with its density ng < 1018 cm=-3.
Because of the limit in the sensitivity of the IR detector system, the determination of the
temporal variation of ng was not possible.

The geometry of the HCP is such that there is easy access for laser or electron
beam heating. Since the electron density of the plasma in the hypocycloidal pinch
approaches the critical density for the COg laser frequency, anomalous plasma heating
to achieve thermonuclear fusion temperatures may be possible. This mechanism is pre-
dicted to be the most efficient for plasma heating. (See ref. 17.) Sufficiently powerful
COq9 lasers for this mechanism to be operational also have been developed. However,
no other suitable plasma source has previously been available for testing the anomalous
heating mechanism. (See ref. 17,) The dense plasma focus has been proposed as a
plasma with sufficiently high density for testing the mechanism. (See ref. 18.) However,
no successful experimental result has been reported to date. Its small volume and brief
lifetime do not render clear observation of the effects of the interaction. The near com-
plete absorption of COy laser energy by the plasma in the HCP apparatus gives strong
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encouragement of this approach although no apparent evidence for strong development of
parametric instabilities, expected from the anomalous heating, is observed yet, perhaps
because the energy (50 J) of the CO9 laser used contributed only small fractions of the
plasma energy of 900 J. It may be necessary to increase the laser output to the range
of kilojoules to reach the "strong pump-field regime'" for clear observation of the effect.

(See ref. 19.)

Since the geometry of the hypocycloidal-pinch apparatus consists of a set of disks,
a multiple array to form a linear or toroidal system could be constructed, as shown in
figure 20. Such a system is not only capable of accommodating a large power, but will
also improve the plasma containment time since the axial outflow will be reduced by the

closed ends.

CONCLUSIONS

In conclusion, successful production of a long-lived high-density and high-
temperature plasma in a large volume in the prototype of the hypocycloidal-pinch appa-
ratus has been demonstrated. The plasma is observed to have near complete COy laser
energy absorption for a time larger than a quarter cycle of the discharge. The CO9 laser
absorption indicates plasma densities near 1019 in addition to the plasma temperature of
1 keV and the 5-us plasma confinement time. It is optimistically suggested that this
geometry could be adopted to develop a large-scale fusion-power reactor because of its
advantages in plasma volume, containment time, easy access to additional heating by a
laser or electron beams, and the possibility for scaling up to a multiple array.

Langley Research Center

National Aeronautics and Space Administration
Hampton, Va, 23665

December 2, 1975
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APPENDIX A

SNOWPLOW MODEL FOR CURRENT SHELL IN A
HYPOCYCLOIDAL PINCH

For this analysis only the upper chamber of the hypocycloidal-pinch apparatus is
considered and it is treated as an independent circuit including the capacitor bank and
the electrodes with a moving current sheet which is in the form of a cylindrical shell.
Figure 21 shows the frame of coordinates (r,z) to be used. Also this analysis is limited
to reveal the functional dependence of rundown speed on electrical and other parameters.
Many assumptions are made to simplify the analysis.

In the MKS system of units and cylindrical coordinates (r,z), the equation of motion
for a cylindrical current shell located at a radius r, as shown in figure 21, is

27r %2; h = 7ph g—t[(RZ - rz)gtl] (A1)
where B is the magnetic induction induced by the current I; h, the height of the cur-
rent shell; p, the density of the filling gas; and R, the radius of the chamber. This
relationship is derived with the assumptions that the current shell is loaded with the
mass m = 7Tp<R2 - rz)h "snowplowed" from the periphery of the chamber and that the
thickness of the current shell is infinitely thin. Furthermore, the gas pressure ahead

of the shell is assumed to be negligible compared with the magnetic pressure behind the
current shell.

By Ampere's circuital law, B = uoI/(an) where p, =47 X 10-7 and equa-
tion (A1) becomes

dllg2 _ 2)dr]_ 10772
dtKR r>dt:] (42)

For the short time of interest, or a quarter cycle of the circuit oscillation, the
sinusoidal current may be approximated with a linearly rising current I = (dI/dt),,t
where (dI/dt),, is the rate of current rise. The dimensionless variables are
introduced:

»
Il

=
i
i
2l
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APPENDIX A
where

4
Ty = __™R7 (A3)
2
o)
dt /av

Then equation (A2) can be reduced to

afe-2)s]--2 (a4)

The x(T) determines the shape of radius-time curves for the radially advancing current
shell. The numerical integration of equation (A4) may be found elsewhere. (See ref. 20.)

The speed of the current sheet V., = dr/dt is related by

dr _ R dx
dr _ R dx A5
dt Ty dT (A5)

The constant R/Ty is

9 T1/4

107(§)

_ Wav (AB)
P

2

Therefore, the initial conditions of the system have the following functional relations with
the speed V. of the current shell:

(1) The radial speed of the current shell varies with the gas density as
Vy o pr1/4 (A7)
Since p is proportional to the pressure of the gas p,
Vp «p” 1/4
(2) The radial speed V, is proportional to square root of the rate of current rise

v, (@) 49)

For a pure oscillatory circuit, or L-C circuit, the peak current I, is '

I, = ECY/2-1/2 (A9)

16



APPENDIX A
where E is the charging voltage. The quarter period Ty /4 is

Ty/4 = L LY/2¢1/2 (A10)

The average rate of current rise is

I
aiy ._P _2E 11
<dt)av Tl /4 T L (A )
Therefore,
1/2
vy o (%) / (A12)

This relationship indicates that it is desirable to have a high-voltage and low-inductance
circuit to obtain a high current-~sheet velocity.
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APPENDIX B
INFRARED DETECTOR SENSITIVITY

When the IR detector is located at a distance r from the plasma, which is irradi-
ated by a laser with a power I, the intensity Igq of the scattered laser power entering

the detector is

Ly - < Is 2>A (1)

47r

where A is the area of the entrance window of the detector, and Ig is the total scat-
tered laser power, or Ig=7nl, where 7 is total scattering cross section. Here it is

assumed that the scattering is isotropic.

The current i in the detector resulting from Igq is
i=SIgq (B2)
where S is the current responsivity of the detector or

i=8nl, A (B3)
© 47r2

The resulting voltage E across a load impedance Z is

E=71

or

IhA
E =78 B4
7 4qr2 (B4)

The IR 2 detector used in the experiment has the parameters:
Z=— R _j17x1040Q
9 1/2
f
<1 + —2>
fe
where the load resistance is

R =100

18



APPENDIX B

the laser modulation frequency is
f=2.5x%106/s

and the detector response frequency is

_ 1 _ 4
= = 3.18 x 104/s
€ 27Re

and
S=0.1x10"6 A/W
I,=5% 108 Wor 50 J  (delivered by 100-ns pulse)
A =104 7 m2 (2-cm-diameter window)
r=1m
The scattering cross section 7 can be determined from the equation by
_4mr2E o q0-1g (B5)

= RS A

by using the measured voltage E. Since the responsive voltage of 0.01 V above the noise
level on the detector signal is clearly observable on a cathode ray oscilloscope, a scatter-
ing cross section as small as 5 X 10~3 can be determined. However, for the IR 2 located
in the 90° direction, the plasma is viewed through a hole with a 3-mm diameter and a
reduction of the scattered power by a factor of =20 is estimated. To overcome this reduc-
tion in the system sensitivity, a 10-cm-diameter germanium lens is inserted on the opti-
cal path to collect the scattered laser power. The use of the lens results in a gain of 25.
Therefore, the minimum scattering cross section detectable in the 90° direction is

Miin(90°) = 4 % 1073

When the detector is located in the 10° direction, the entire plasma is viewed and the min-
imum cross section detectable without a collection lens is

Tpin(10°%) = 5% 1073
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